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The act of observing a quantum object fundamentally perturbs its state, resulting in a random
walk toward an eigenstate of the measurement operator. Ideally, the measurement is responsible for
all dephasing of the quantum state. In practice, imperfections in the measurement apparatus limit or
corrupt the flow of information required for quantum feedback protocols, an effect quantified by the
measurement efficiency. Here we demonstrate the efficient measurement of a superconducting qubit
using a nonreciprocal parametric amplifier to directly monitor the microwave field of a readout cavity.
By mitigating the losses between the cavity and the amplifier we achieve a measurement efficiency of
72%. The directionality of the amplifier protects the readout cavity and qubit from excess backaction
caused by amplified vacuum fluctuations. In addition to providing tools for further improving the
fidelity of strong projective measurement, this work creates a testbed for the experimental study of
ideal weak measurements, and it opens the way towards quantum feedback protocols based on weak
measurement such as state stabilization or error correction.
Quantum measurements often involve entangling the
system of interest with a light [1]. As a consequence, the
subsequent measurement of the light, performed by an
observer or by the unmonitored environment, affects the
quantum state of the system [2]. The measurement effi-
ciency, 0 ≤ η ≤ 1, characterizes the fraction of the total
available quantum state information that is acquired by
the observer. Using a quantum non-demolition measure-
ment scheme, highly accurate state estimation can be
performed by repeating many inefficient measurements
[3–5]. A higher efficiency results in measurement speed
up and therefore contributes to the fidelity of the state
estimation, a crucial metric for quantum computation
[6, 7]. Meanwhile, an efficient measurement is critical
for measurement-based quantum control [8], in which the
measurement outcome is used to feed back on the quan-
tum system, enabling, for example, quantum state stabi-
lization [9–12] or measurement-based entanglement [13].
A perfectly efficient measurement requires both ideal
collection of the light and a faithful, noiseless detector.
For superconducting qubits, the use of a microwave read-
out resonator with a one-dimensional radiation pattern
enables the collection of every photon [14]. A noise-
less detector must only measure the information-carrying
quadrature of the microwave field. In principle this can
be implemented with a phase-sensitive parametric am-
plifier [15]. In reality, this approach requires additional
hardware to operate which introduces unavoidable losses
in the signal path, reducing the overall efficiency. In par-
ticular, these amplifiers are reciprocal and therefore rely
on magnetic microwave circulators to control the signal
flow, leading to significant component and wiring losses
[16, 17]. In recent years, various nonreciprocal alterna-
tives to conventional parametric amplifiers have been de-
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veloped, breaking reciprocity via parametric interactions
[18–23], time domain operations [24], or traveling wave
amplification [25]. The application of these nonrecipro-
cal amplifiers to efficient superconducting qubit measure-
ment is a nascent field, with an emphasis on the trade-offs
between measurement efficiency and amplifier backaction
[24, 26–29].
In this work we directly connect the readout cavity of
a transmon qubit to a Field Programmable Josephson
Amplifier (FPJA) [22], see Fig. 1. We operate the FPJA
as a directional phase-sensitive parametric amplifier [23]
to monitor only the quadrature of the microwave field in
which the qubit state is encoded. The directionality of
the amplifier protects the cavity from amplified vacuum
fluctuations, circumventing the need for conventional mi-
crowave circulators between the cavity and the amplifier.
As a consequence of the low loss and low added noise in
this system, we achieve a measurement efficiency of 72%,
in agreement with theoretical predictions.
A transmon qubit, with a resonance frequency
ωq/2pi ≈ 6.297 GHz, is embedded inside a three-
dimensional aluminum readout cavity [30] with a reso-
nant frequency, ωr/2pi ≈ 10.929 GHz. The capacitive
coupling between the qubit and the cavity results in a
qubit state dependent cavity resonance frequency: ωr+χ
or ωr−χ for the qubit respectively in the ground state |g〉
or excited state |e〉, where 2χ/2pi ≈ 1.7 MHz. The FPJA
is part of a class of multi-mode amplifiers whose behav-
ior can be programmed in-situ by a set of parametric
drives [18–20, 22]. In the following, we use four paramet-
ric drives to program the FPJA as a directional phase-
sensitive amplifier [23]. The FPJA has three flux-tunable
resonances: the input resonator is tuned into resonance
with the readout cavity, ωc = ωr, resulting in an output
resonator frequency ωa/2pi ≈ 6.912 GHz and an internal
amplification resonator frequency ωb/2pi ≈ 8.013 GHz
(Supp. Inf.). The strength and phase of the each pump
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FIG. 1. (a) Diagram of the high efficiency qubit measure-
ment chain. A transmon qubit is dispersively coupled to a
3D aluminum readout cavity. The readout cavity is directly
connected to a nonreciprocal phase-sensitive amplifier based
on an FPJA. (b) Phase-space representation of the microwave
field at different part of the circuit. An input measurement
drive is upconverted to the cavity frequency then reflected
with a qubit state dependent phase shift. The quadrature
containing the qubit state information is amplified and the
signal is downconverted and routed out for further amplifica-
tion. Both the FPJA and the JPA have an on-chip dc and
ac flux bias (not shown). The qubit is driven via a weakly
coupled cavity port (not shown).
is set to create the following nonreciprocal signal flow:
(1) A signal enters the FPJA output port, at a frequency
ωa, (2) the signal is upconverted to the input port of
the FPJA, at a frequency ωc, (3) the signal reflects off
the readout cavity with a qubit state dependent phase
shift and re-enters the FPJA input port, (4) the signal
is downconverted to the amplification resonator, at a fre-
quency ωb, and the quadrature containing the qubit state
information is amplified with a gain G tunable in situ
before further downconversion back to the output port,
at a the frequency ωa. Finally, the signal is routed to
a conventional homodyne measurement setup. To char-
acterize this system’s measurement efficiency we use a
robust method that relies on the comparison of the qubit
dephasing rate to the measurement rate [24, 28, 31, 32].
We first calibrate the qubit measurement strength by
observing the associated measurement-induced dephas-
ing, see Fig. 2 a-c. The total qubit decoherence rate is
Γ2 = Γ1/2 + Γ
env
φ + Γ
m
φ where Γ1 is the relaxation rate,
Γmφ is the measurement-induced dephasing rate and Γ
env
φ
is the excess dephasing rate that is not due to the mea-
surement. Both dephasing rates can be expressed as a
function of the number of photons in the cavity [33, 34]:
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FIG. 2. Measurement induced dephasing and measurement
rate. (a) Pulse sequence to measure Ramsey oscillations in
presence of a measurement of variable strength |α|2. (b) Ex-
ample of a Ramsey oscillation with an exponential decay rate
Γ2, for G ≈ 6 dB and |α|2 ≈ 0.01. (c) Qubit decoherence rate
Γ2 as a function of measurement strength |α|2 and amplifier
gain G. (d) Pulse sequence to measure the signal to noise
ratio between ground and excited qubit state as a function of
the measurement strength |α|2. (e) Typical histogram of the
measurement signal for the qubit prepared in the ground or
excited state, for G ≈ 15 dB and |α|2 ≈ 0.3. (f) Measurement
rate, Γm = SNR
2/4τ , as a function of measurement strength
|α|2 and amplifier gain G. In (b), (c), (e) and (f) the dots are
data and the solid lines are linear fits.
Γenvφ =
4χ2κ
4χ2 + κ2
nenv,
Γmφ =
8χ2κ
4χ2 + κ2
|α|2,
(1)
where κ/2pi ≈ 2.58 MHz is the effective cavity
linewidth, nenv is the effective thermal occupancy of the
cavity and |α|2 is the mean number of coherent photons
that parameterizes the measurement strength. Using the
Ramsey sequence shown in Fig. 2a we measure the qubit
decoherence rate Γ2 as a function of the measurement
strength |α|2 and of the FPJA gain G, shown in Fig. 2c.
At low measurement strength, the qubit decoherence rate
is mostly dominated by excess dephasing Γenvφ . At zero
gain, Γenvφ originates from residual thermal photons in
the cavity [34]. At higher gain, due to the finite direc-
tionality of the FPJA, residual amplified vacuum fluctu-
ations drive the readout cavity and slightly increase the
excess dephasing. The decoherence rate then increases
with measurement strength, and even at the highest gain
3we maintain a measurement-induced dephasing rate that
dominates the decoherence rate, Γmφ  (Γ1/2 + Γenvφ ).
We now extract the signal to noise ratio of the measure-
ment chain, SNR, see Fig. 2d-f. The measurement sig-
nal after an integration time τ consists of two Gaussian
distributions corresponding to the ground and excited
qubit states, with mean values 〈Ig,e〉, standard deviations
〈σg,e〉, and SNR2 = (〈Ig〉 − 〈Ie〉)2/(σ2g + σ2e ), see Fig. 2d.
Experimentally, we prepare the qubit in either its ground
or excited state, and measure the rate at which the
SNR grows as a function of integration time (τ  1/κ),
yielding the measurement rate Γm = SNR
2/4τ [35]. In
Fig. 2f we show the measurement rate as a function of
measurement amplitude and FPJA gain. As expected,
the SNR increases linearly with the measurement am-
plitude. As the FPJA gain increases, the measurement
rate approaches the measurement-induced dephasing rate
(dashed line), a hallmark of a highly efficient measure-
ment.
The ratio of the measurement rate to the
measurement-induced dephasing rate yields the mea-
surement efficiency, ηm = Γm/Γ
m
φ [35], shown in Fig. 3
as function of FPJA gain. At low FPJA gain, the
measurement efficiency is limited by the system noise
temperature of the homodyne measurement setup (Supp.
Inf.). As the FPJA gain increases, it overwhelms the
noise of the homodyne setup and the efficiency increases.
Concurrently the thermal occupancy of the cavity, nenv,
increases slightly, as discussed previously in Fig. 2.
This results in an increase of the photon shot-noise
in the cavity and therefore of the qubit dephasing,
which can be cast as an environmental efficiency [10]
ηenv = 1/(1 + 2nenv), shown in Fig. 3. At an optimal
gain of approximately 15 dB, we reach an efficiency
of ηm = 72 ± 4% and an environmental efficiency
ηenv = 88 ± 2%. An empirical noise model suggests
that ηm is primarily limited by residual coupling of the
amplifier resonance to the output port [23]. Both the
measurement inefficiency 1− ηm and thermal occupancy
of the cavity nenv can be reduced by at least an order
of magnitude with a straightforward redesign of the
linewidth of each resonator of the FPJA [23]. We
note that the small discrepancy between the measured
backaction and theoretical predictions is likely due to
the fact that the output noise of the amplifier is slightly
qubit state dependent, therefore performing a qubit
measurement even in absence of cavity displacement.
At the optimal FPJA gain, we demonstrate the ability
to perform strong projective qubit measurements. We
extract a state-estimation fidelity of 97% in 350 ns for
|α|2 ≈ 2.5, mostly dominated by the ratio of the qubit
relaxation rate and the cavity linewidth (Supp. Inf.).
The dynamic range of the amplifier is large enough for a
measurement strength |α|2 > 5, approaching the limits
of the dispersive approximation [36], inducing spurious
qubit transitions.
In conclusion, we have demonstrated a highly efficient
measurement of a transmon qubit using a parametrically-
driven, directional, phase-sensitive amplifier directly con-
nected to the readout cavity. As in other work [24, 27–
29], our approach strives to achieve a high level of integra-
tion with superconducting quantum devices. Reasonable
changes in device parameters will enable measurement
efficiencies approaching 100%, creating a testbed for ex-
ploring quantum control protocols based on weak contin-
uous measurement. In addition, we emphasize that the
FPJA can be dynamically reconfigured, enabling com-
plex time-domain protocols with tunable control, cou-
pling and measurement of multiple quantum systems.
Contributions to this article by workers at NIST, an
agency of the U.S. Government, are not not subject to
U.S. copyright.
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FIG. 3. Measurement efficiency ηm, in green, and environ-
mental efficiency ηenv, in purple, as a function of amplifier
gain. The solid green line is the prediction of an empirical
noise model for the measurement efficiency and the solid pur-
ple line is the theoretical prediction for the environmental
efficiency (see Supp. Inf.). At high FPJA gain, the measure-
ment efficiency clearly exceeds the 50% theoretical limit for a
phase-insensitive amplifier.
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A. Complete system description and amplifier
tuning
A detailed diagram for the experimental setup and a
device picture are shown in Fig. S1. The FPJA is the ex-
act same chip used in previous work [1]. The readout cav-
ity is addressed via a weakly coupled port and a strongly
coupled port. The weakly coupled port is primarily used
for driving the qubit and to probe the cavity without
using the FPJA. The strongly coupled port is directly
connected to the FPJA (without any circulator in be-
tween), but we inserted a low-pass filter with a 12.4 GHz
cutoff to protect the cavity from the amplification drive
of the FPJA. In future designs, the low-pass filter could
be directly integrated onto the FPJA chip. A picture of
the cavity/FPJA assembly is shown in Fig. S1b (for a size
reference, all the ports are standard SMA connectors).
In Fig. S2 we show the resonance frequencies and
linewidths of the FPJA and the readout cavity, as a func-
tion of the flux bias, Φ, through the SQUID of the FPJA.
The frequencies and linewidth of the output resonator a
and amplification resonator b are directly accessed from a
reflection measurement off the FPJA output port, shown
in Fig. S2b, f and g. The input mode c is not directly ac-
cessible due to the on-chip FPJA filters. However, reflec-
tion measurements off of the output mode a in the pres-
ence of a single weak frequency conversion drive at the
frequency difference ωc(Φ) − ωa(Φ) allows us to recover
the frequency dependence of the input mode c, shown in
Fig. S2a. The data (red color scale) deviates from the
bare resonance frequency measured when connected to
a 50 Ω (red line) load [1], and this effect is due to the
presence of standing waves between the cavity and the
FPJA. Multiple anti-crossings are visible, and the data
is well explained by including spurious resonances with
a free spectral range of 535 MHz and adjusting the cou-
pling to each of these resonances (dashed black lines).
The readout cavity is coupled to the same spurious res-
onances, leading to an avoiding crossing with the input
resonator c around 10.93 GHz and Φ ≈ 0.219Φ0. The
same anti-crossing is revealed by a reflection measure-
ment off of the weakly coupled port of the readout cav-
ity, shown in Fig. S2c, and the measured linewidths are
shown in Fig. S2d and e. The complete model agrees
well with both the frequency dependence and linewidths
(solid lines in Fig. S2d and e).
We tune the amplifier by comparing measured scatter-
ing parameters to theoretical predictions, like in previous
work [1], and using the independently measured reso-
nance frequencies and linewidths. We first calibrate each
parametric drive power separately (three frequency con-
version drives and one parametric amplification), using
the SQUID flux as the single free parameters to account
for frequency rectification.
We emphasize here that the parametric pumps couple
the readout cavity to the external ports of the FPJA.
For all the pump configurations discussed in this work,
the cavity response is well approximated by a Lorentzian
and its effective linewidth κ can be extracted by mea-
suring the reflection coefficient from the weakly coupled
port of the cavity. In particular, when the FPJA is pro-
grammed as a directional phase sensitive amplifier, the
effective linewidth of the readout cavity is dominated
by the frequency conversion processes toward the out-
put port, yielding a highly overcoupled resonance with
κ ≈ 2pi × 2.58 MHz κr.
B. Qubit coherence
In this section we discuss the qubit coherence time as
a function the mode of operation of the FPJA. For all
modes of operation, we measure the same qubit relax-
ation time T1 = 27 µs.
When the FPJA is largely detuned from the readout
cavity (Φ = 0) and unpumped, it can be seen as an open
circuit. We use the weakly coupled cavity port to extract
a baseline for the qubit coherence time, T off2 = 32 µs.
Using Eq. 1 in the main text and the cavity linewidth
measured in S2, we extract a thermal cavity occupancy
of nenv = 0.01.
We then tune the FPJA into resonance with the cav-
ity and turn on the frequency conversion pump between
the input and output mode, as described in the previ-
ous section. We then measure the qubit coherence time,
TFC2 = 17 µs. Interestingly, due to an increase of the ef-
fective cavity linewidth, we extract an identical a thermal
cavity occupancy of nenv = 0.01.
We then program the FPJA as a circulator and the
measured qubit coherence time is shown in Fig. S3 as a
function of loop phase [2], in good agreement with theo-
retical predictions where each bath temperature is set to
nenv = 0.01. Similarly, good agreement is observed when
the FPJA is programmed as a directional phase-sensitive
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FIG. S1. (a) Experimental diagram. (b) Picture of the cavity/FPJA assembly, disconnected from the full experimental setup.
(c) table of the main experimental parameters.
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FIG. S2. (a) Magnitude of the reflection measurement off of the output mode, in presence of a weak frequency conversion
drive to the input mode (see text), shown as a color scale. The solid purple line is the bare resonance frequency measured
when the FPJA input port is connected to a 50 Ω load. The dashed black line is the prediction from a full model including the
readout cavity and spurious resonances due to the length of transmission line between the readout cavity and the FPJA. (b)
Resonance frequency of the output resonator a (green) and amplification resonator b (blue). (c) Magnitude of the reflection
measurement off of the readout cavity shown as a color scale, showing an anti-crossing when the input of the FPJA and the
readout cavity are in resonance. The dashed lines are the predictions from the same model than in (a). The FPJA input mode
in resonance with the readout cavity for Φ ≈ 0.219Φ0. (d) Linewidth, κ, of the readout cavity and (e) ratio of the external
coupling rate, κext, to the total linewidth of the cavity. Solid lines are predictions from the model. (f) Linewidth of the output
resonator (green) and amplification resonator (blue) and (g) ratio of the external coupling rate to the total linewidth for these
resonators.
amplifier.
C. System noise model
In this section we describe the empirical model used for
predicting the measurement efficiency in Fig. ??, based
on a chain of cascaded amplifiers, as shown in Fig. S4. We
estimate the system noise of the chain, nsys, and convert
it into an efficiency ηm = 1/(1 + 2nsys).
First we set the FPJA as a simple frequency converter
between the input and output ports (GFPJA = 1). At
high JPA gain, the total system noise is limited by the
power loss before the JPA, AFPJA,1AFPJA,2AJPA. Re-
flection measurements off of the FPJA show a power loss
of about 0.68 or −1.7 dB, out of which half occurs each
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FIG. S3. Cavity occupancy as a function of loop phase for the
FPJA programmed as a circulator (blue) and a directional
phase-sensitive amplifier with two different gains (dark and
light purple). Solid lines are theoretical predictions.
way, allowing us to extract AFPJA,1AFPJA,2 = 0.82. From
the maximum efficiency measured at high gain, we can
then extract the loss between the FPJA and the JPA
AJPA = 0.56. Finally, from the efficiency at zero JPA
gain we extract the added noise of the chain after the
JPA, nHEMTsys = 36. This model is shown as the black
solid line in Fig. S4.
We now program the FPJA as a directional phase-
sensitive amplifier. In absence of FPJA gain, we inde-
pendently measure a reduction of the transmission from
the weakly coupled of the cavity to the output port of
the FPJA by 0.72 or −1.4 dB. This is due to resid-
ual loss in the amplification mode b. In this case we now
have AFPJA,1AFPJA,2 = 0.59. Assuming the loss is spread
equally before and after the gain AFPJA,1 = AFPJA,2 we
obtain the solid green line in Fig. S4, in good agreement
with the data.
D. Measurement fidelity
In Fig. S5 we show the histogram of 2× 104 measure-
ments integrated over 350 ns with |α|2 ≈ 2.5, for the
qubit prepared in its ground state (dots) or excited state
(circles). The JPA gain is set at 18 dB and the FPJA
gain at 12 dB. We extract a measurement fidelity of
F = 1 − P (e|g) − P (g|e) = 97%, where P (x|y) is the
probability of measuring the qubit in the state x when
prepared in the state y.
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FIG. S4. Measured efficiency as a function of the total quadra-
ture gain (sum of FPJA gain and JPA gain). The FPJA is
either programmed as a frequency converter with a variable
JPA gain (black) or programmed as a variable gain directional
phase sensitive amplifier with a fixed JPA gain of 18.2 dB
(green, same data as Fig. 3 in the main text). The solid line
are predictions of an empirical noise model (see text).
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FIG. S5. Qubit measurement fidelity. Histogram of 2 × 104
measurements integrated over 350 ns with |α|2 ≈ 2.5, for the
qubit prepared in its ground state (circles) or excited state
(crosses). The JPA gain is set at 18 dB and the FPJA gain
at 12 dB. We extract a measurement fidelity of 97%.
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